ABSTRACT: Sedimentation and centrifugation techniques are widely applied for the separation of biomolecules and colloids but require the presence of controlled density gradients for stable operation. Here we present an approach for separating nanoparticles in free solution without gradients. We use microfluidics to generate a convective flow perpendicular to the sedimentation direction. We show that the hydrodynamic Rayleigh−Taylor-like instability, which, in traditional methods, requires the presence of a density gradient, can be suppressed by the Poiseuille flow in the microchannel. We illustrate the power of this approach by demonstrating the separation of mixtures of particles on the nanometer scale, orders of magnitude smaller than the micrometer-sized objects separated by conventional inertial microfluidic approaches. This technique exhibits a series of favorable features including short analysis time, small sample volume, limited dilution of the analyte, limited interactions with surfaces as well as the possibility to tune easily the separation range by adjusting the geometry of the system. These features highlight the potential of gradient-free microfluidic centrifugation as an attractive route toward a broad range of nanoscale applications. KEYWORDS: Centrifugal separation, microfluidic, colloids, nanoparticles, density gradient, hydrodynamic instability S eparation of colloids and biomolecules for both analytical and preparative purposes is a central element of many areas of nanoscience and technology. Among various available fractionation methods, such as chromatography, field-flow fractionation, and electrophoresis, 1 analytical ultracentrifugation techniques provide high resolution at the nanometer scale and are widely applied in biochemistry and biophysics to separate cellular components and macromolecular complexes.
S
eparation of colloids and biomolecules for both analytical and preparative purposes is a central element of many areas of nanoscience and technology. Among various available fractionation methods, such as chromatography, field-flow fractionation, and electrophoresis, 1 analytical ultracentrifugation techniques provide high resolution at the nanometer scale and are widely applied in biochemistry and biophysics to separate cellular components and macromolecular complexes.
2−5 These powerful and versatile technologies rely on the differential force induced by a gravitational or centrifugal field on objects with different masses and provide relevant information on the size and shape of nanoparticles and macromolecular complexes. 6−8 In principle, sedimentation techniques may be used for preparative purposes simply by layering a sample of the mixture on top of a liquid volume and letting the different components sediment under the inertial field. However, due to a fluid dynamic Rayleigh−Taylor-like instability, the analyte would sink in the underlying liquid behaving as a single complex fluid rather than a dispersion of individual particles. 9−11 To avoid this instability problem in sedimentation and band ultracentrifugation techniques, the underlying liquid requires the presence of a density gradient which is obtained by addition of inert molecules, typically heavy salts or sugars. 12, 13 Despite being the traditional method for preparative centrifugation in biology and biochemistry, the presence of the gradients poses challenges regarding their preparation and stability during separation.
Moreover, interactions between the analyte and the molecules of the density gradient act in addition to the gravitational and buoyancy forces; as a consequence, the position of the separating molecules in the gradient can depend on the chemical nature of the molecules used to create the gradient and is difficult to be predicted a priori. 14 To address this challenge, in this work we describe an approach based on inertial microfluidics. This strategy allows the separation of particles in the presence of convective flow which removes the hydrodynamic instability and therefore the need of the density gradient. The technique has analogies with sedimentation field-flow fractionation (FFF) 15−17 but operates without the requirement for surface interactions and is implemented with microfluidic technology, a factor which offers a series of advantages such as high throughput, low cost, control of stable laminar flow profiles, limited interactions with surfaces, and small volume of the separation units. 18−20 Furthermore, the fractionated samples are not diluted significantly during the separation and can be concentrated in collectors located at the end of the separation cell, thus facilitating recovery of the material and subsequent analysis.
In the last years centrifugal microfluidic devices have been developed for the separation of objects at the micrometer scale, with particular attention to cells and blood components. 21−24 By contrast, achieving separation in the colloidal nanometer range has proven challenging due to the degradation of the separative power induced by the increased propensity of nanoparticles to diffuse. One of the few successful examples is represented by centrifugal SPLITT fractionation, which has been applied to the fractionation of submicrometer particles on a large scale. 12 However, it remains a challenge to develop devices capable of separating objects at the nanometer scale from both an analytical and a preparative point of view. Herein, we show that by tuning the geometry and in particular the retention time in the separation channel of our device it is possible to extend significantly the separation range of centrifugal microfluidic techniques and obtain fractionation resolution in the nanometer range.
The separation occurs in a characteristic time of a few minutes, substantially shorter than the time required typically by traditional centrifugal analysis on bulk scales. This short analysis time could open the possibility for the study of the stoichiometry and kinetics of transient complexes, currently not achievable with conventional techniques.
In addition, the separation is not affected by liquid composition, allowing the analysis and the fractionation of particles and molecules in their native environment without requiring sample preparation which can potentially perturb the original configuration. The microfluidic technique described here forms the basis for a lab-on-a-chip platform which can be implemented using standard soft lithography and is applicable to a broad range of systems from biological, environmental, and physical sciences to nanotechnology.
Microfluidic Centrifugation under Flow. We perform the separation of a flowing particle dispersion by applying a centrifugal force field perpendicularly to the axis of flow. This geometry is similar to sedimentation field-flow fractionation, but interactions of the analytes with a surface are not required. Convective flow in the presence of a centrifugal field can be induced by designing a device with the inlet and the outlet located at different distances from the center of rotation resulting in a net hydrostatic pressure difference.
We implemented this concept in a microfluidic device fabricated with standard soft lithography methods. 25 A picture of the device is shown in Figure 1a , and the principle of the technique is illustrated in Figure 1b and c.
In the presence of a centrifugal field, the pressure difference at the inner inlets (r 1 ) and the outer outlet (r 2 ) generates a convective velocity v inside the separation channel equal to
where R Tot is the total hydrodynamic resistance of the device, A is the cross sectional area of the channel, ω is the rotational angular velocity, and ρ f is the density of the fluid.
The separation occurs inside a channel of rectangular cross section where low Reynolds number flow occurs in the laminar regime. At the beginning of the channel, the beam of the particle dispersion is focused between two layers of an auxiliary liquid which is introduced in a separate inlet aligned along the radial distance with the analyte inlet ( Figure 1b) . The analyte and the auxiliary fluid are loaded into the designated inlet reservoirs prior to centrifugation by means of elastic tubing and syringe.
While flowing along the separation channel the analyte beam is subjected to a centrifugal force acting perpendicularly to the axis of flow. This force is balanced by the hydrodynamic drag force and by the buoyancy force, resulting in a steady state velocity, u, given by
where D p is the particle diameter, ρ p the particle density, r d the distance from the center of rotation, μ the fluid viscosity, and s the sedimentation coefficient. From eq 2 it can be seen that the migration velocity u and therefore the migration distance are proportional to the square of the particle size and to the particle density. Larger and denser particles will move away from the center of rotation, while smaller and less dense particles will be less deflected ( Figure 1c) .
The position of the analyte beam in the channel has been designed to exhibit an asymmetry with respect to the center of the channel in order to increase the width available for separation. Specifically, the center of the analyte beam is located 380 μm away from the farther wall of the separation channel which has a width of 500 μm. The width of the analyte beam can be readily tuned by changing the resistances of the analyte and of the auxiliary buffer solution. A narrow analyte beam is beneficial for the separation resolution.
At the end of the separation channel, a flow splitter collects the fractionated particles in different bins, as shown in Figure  1b . The accumulated material can be recovered from the bins after the separation, for example by extraction through the polydimethylsiloxane (PDMS) layer, allowing further analysis of the fractionated samples. As a consequence, the proposed device can be used not only for analytical but also for preparative purposes. The number and size of the bins can be easily adjusted to optimize specific requirements. From the basic principles of the technique we can calculate the relevant parameters for the separation.
The resolution of the fractionation is strongly dependent on the retention time of the particles in the channel, τ = L C /v, with L C the length of the separation channel. If the centrifugal force is applied for a time longer than the retention time, as is the case under steady-state operation, the migration distance traveled by the particles is equal to L u = uτ. Equations 1 and 2 indicate the parameters of the systems which can be modified to tune the separation resolution. In particular, the separation of small objects requires a large retention time in the channel, and therefore a small convective flow, which according to eq 1 can be achieved by decreasing the relative distance between inlet and outlet, r 2 2 − r 1 2 , by increasing the total resistance of the device R Tot and/or by increasing the cross section A of the separation channel.
In addition, since the distance due to diffusion depends on the square root of the time L Diff = (2Dτ) 1/2 while the migration distance is linearly proportional to the time L = uτ, large residence times favor the relative contribution of centrifugal migration over diffusion on the particle motion.
The microfluidic device was centrifuged on a custom-made mechanical rotor described in the scheme in Figure 2 . The microscope glass slides forming the bottom part of our microfluidic devices fit into the cavities of a thin aluminum disk which is sandwiched between two thick Perspex disks.
Separation of Nanoparticles. We separate aqueous dispersions of fluorochrome-functionalized polystyrene nanoparticles with nominal diameters of 50, 100, and 200 nm and a density of 1.06 kg/m 3 at a volume fraction of about 0.05%. Milli-Q distilled water was used as auxiliary fluid.
Initially, the channels of the device were filled with the auxiliary medium and the analyte solution by an external pump. In Figure 3 we show the position of the particles before centrifugation by bright field and fluorescent illumination of selected relevant areas of the microfluidic device.
Before applying the technique to the separation of mixtures, we verify the capability of the device to deflect a beam of monodisperse dispersions of the particles.
The particle position in the bins before and after centrifugation of the device at 5000 rpm for 5 min is shown in the fluorescence pictures and in the histograms in Figure 4 , which report the normalized fluorescence intensities integrated in the different bins. The error bars represent the standard deviation of at least three repetitions. The data show that bigger particles are progressively shifted toward the outer part of the separation channel. To quantify the migration distances induced by centrifugation, we fitted the histograms with a Gaussian distribution, and we considered the mean values as average migration distances. We applied in a first instance the Gaussian distribution, which represents the probability distribution of particles diffusing laterally under a block flow starting from a narrow initial distribution, although the flow is Poiseuille and the migration induced by centrifugation overimposes the diffusion motion. As a consequence, we do not expect the Gaussian distribution to describe accurately the distribution of the particles in the bins, and it has been rather employed here as a help to quantify the migration distances. We applied this procedure to the conditions where the analyte is not deflected too close to the wall. The measured migration distances, summarized in Table 1 , are 28 ± 19 μm for the 50 nm and 144 ± 47 μm for the 100 nm particles, while the 200 nm particles are pushed toward the outer wall of the channel, indicating a migration distance larger than 380 μm. Remarkably, these values are in good agreement with the migration distances predicted by eq 2 (see Table 1 and SI). This confirms the robustness of our fractionation technique and allows the design of separation based on a first-principles approach without the need of any calibration, provided that information about the sedimentation coefficient (i.e., size, shape, and density) of the analytes are known. Alternatively, for particles with unknown parameters the calibration of the device allows the estimation of the mass of the particles by measurements of the migration distances.
After applying the device to monodisperse particle dispersions, we demonstrate the separation power of the technique by fractionating a latex mixture of red-fluorescent 100 nm colloids and green-fluorescent 200 nm colloids. Microspheres with different fluorescence properties have been used in order to allow the identification of the position of the different particles before and after the separation. In Figure 5 it can be seen that before centrifugation the fluorescent signals of the two different particle populations overlap in a single beam, indicating the presence of a homogeneous mixture. After centrifugation, the 200 nm particles are deflected more than 380 μm and pushed toward the edge of the separation channel, while the beam of 100 nm particles migrates 152 ± 26 μm, indicating successful separation of the two populations. The migration of the particles in the mixture is very similar to the behavior of the single monodisperse particle dispersions shown in Figure 5 , indicating negligible interactions between the particles during separation.
We note that the selectivity of the separation can be optimized by modifying the parameters discussed in this work. For instance, the separation resolution could be improved by a narrower analyte beam or by increasing the length of the channel and the number of collector reservoirs. In addition, the current approach could be implemented in combination with a second separation technique to remove possible degeneracies with complex mixtures where particles with the same sedimentation coefficient can be present.
Presence of Laminar Flow Removes the Hydrodynamic Instability. The operation of centrifugal separation techniques in bulk is limited by a Rayleigh−Taylor instability, which is commonly observed when a denser liquid is placed on top of a lighter liquid and originates from irregularities occurring at the interface between the two liquids. 10, 11 Rayleigh−Taylor-like instabilities are also observed with colloidal dispersions with no surface tension. In these systems, particle velocities become correlated and propagate nascent density fluctuations at a velocity lager than the Stokes flow.
11 If the wavelength of the oscillations is smaller than a critical value, the Brownian motion of the particles counteracts the fluctuations, and the system remains stable. 9, 11, 26, 27 On the contrary, if the fluctuations are sufficiently large, they induce portions of the heavier liquid to sink and portions of the lighter liquid to rise, developing fingers and eventually leading the whole particle dispersion to sink.
The relevant dimensionless parameter defining this behavior is the Rayleigh number
where K = H 2 /12 is the effective permeability of the channel, H and W are the height and the width of the channel, respectively, Δρ is the excess density of the particle dispersion over pure water (equal to about 2.5 × 10 −4 kg/m 3 for a dispersion containing 0.05% polystyrene particles), μ is the water viscosity, D is the particle diffusivity, and g = rω 2 is the centrifugal force in the channel.
In our system, the large value of = 1300 indicates that diffusion alone cannot counteract the propagation of the fingers and that instability would occur in the absence of flow. On the other hand, the experiments shown in the previous section clearly indicate that separation of nanoparticles in a mixture can be achieved in the presence of laminar Poiseuille flow even in the absence of density gradient and no hydrodynamic instability occurs. Indeed, the position of the beam at the inlet of the separation channel before and after centrifugation is unaffected, as shown in Figure 6a , despite the application of a centrifugal force equal to 18000 g. The same particle dispersion is not, however, stable even at 1 g in the absence of the flow ( Figure  6b ). Under the gravitational force of 1 g the droplets sink in few seconds in the underlying water behaving as a single complex fluid. The same behavior is observed when a similar experiment is repeated in a microfluidic device under centrifugal field in the absence of flow (data not shown). This behavior is explained by considering the gradient of the flow velocity inside the channel, which is able to disrupt the development of the fingers by shifting different layers of particles located at different positions along the height of the channel (Figure 6c ). Indeed, a simple scaling analysis shows that the velocity gradient of the Poiseuille flow ∇V ≈ 5 × 10 m/s. Therefore, the rate of disruption of the fingers due to the relative movement of the particles is faster than the rate of propagation of the fingers along the height of the channel. We can formalize this scaling analysis by defining an analog of the dimensionless Rayleigh number in the presence of convective flow in the laminar regime
where the diffusion term is replaced by the gradient of the velocity. The instability is absent at low V values and present at large V values. In our system, V ≈ 0.04. It is worth noting that the presence of the velocity gradient, rather than the generic presence of flow, plays a key role in the disruption of the fingers and that instability is expected to occur in the presence of plug flow.
In addition, we note that the characteristic time scale of diffusion of the nanoparticles along the height of the channel (τ Diff = (H/2) 2 /(2D) ≈ 35 s) is smaller than the time scale of the separation (τ = L C /v ≈ 200 s). The corresponding Peclet number (Pe) is equal to Pe = τ Diff /τ Conv ≈ 0.175. As a consequence, during the residence time in the separation channel the particles sample the entire vertical velocity distribution due to their diffusive motion, and therefore the effect of the parabolic velocity profile along the height of the channel can be neglected for the separation.
Conclusions. We have designed an approach to eliminate hydrodynamic instabilities in centrifugation to allow for stable operation even in the absence of density gradients required by conventional methods. We demonstrate the power of this approach by separating nanoparticle dispersions in the presence of a flow occurring perpendicularly to the separation direction. By tuning the device geometry and therefore the retention time in the separation channel we achieved separation of particles in the nanometer size range, orders of magnitude smaller than the micrometer-sized objects separated by current microfluidic devices. The migration distances measured experimentally are in excellent agreement with theoretical predictions, confirming the robustness of the technique.
The device exhibits highly advantageous features such as limited dilution of the sample as well as the limited interactions with surfaces. In addition, the separation occurs in a characteristic time of a few minutes, significantly shorter than the analysis time required by current centrifugal techniques.
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